Background: A number of single nucleotide polymorphisms (SNPs), which are common inherited genetic variants, have been identified that are associated with risk of colorectal cancer. The aim of this study was to determine the ability of these SNPs to estimate colorectal cancer (CRC) risk for persons with and without a family history of CRC, and the screening implications.
INTRODUCTION
Categorisation of people by their colorectal cancer (CRC) risk can guide risk-based prevention, including screening. Family history of the disease is a well-established risk factor for CRC; accordingly screening guidelines recommend that screening be greater for those with a family history compared to those without a family history of the disease. [1] This increased screening could be by modality (e.g. colonoscopy vs faecal occult blood test [FOBT] ), age at which screening commences (younger vs older) or frequency (e.g. two yearly vs every 10 years), or a combination of these in equipoise, based on the cost-effective use of limited resources and safety. For persons with a strong family history, efforts to identify the heritable basis of the disease can involve germline mutation screening and testing such as the DNA mismatch repair genes responsible for Lynch syndrome. In this clinical setting, current practice is finding that for a substantial proportion of such families no cancer predisposing mutation can be identified, leaving no other option but to offer screening based on the average risk of CRC based on the cancer family history alone. Family history is a blunt measure of increased risk, as even within groups of persons with the same family history there is substantial variation in the risk of CRC. [2] This suggests the existence of other genetic risk factors which, if identified, could be used to further stratify risk allowing for a more appropriate screening, compared with that recommended based on family history alone.
Recently, genome-wide association studies (GWASs) have found multiple single nucleotide polymorphisms (SNPs) associated with the risk of CRC. Although each SNP is associated with only a small increment in risk, combining these SNPs has the potential to improve risk estimation. The CRC risk based on the first 10 SNPs discovered was sufficient to identify the 0.4% of the population whose risk exceeded the threshold (5% over a 10-year period) for which colonoscopy screening, rather than the less invasive FOBT, would be recommended. [3] Since that report, more independent SNPs associated with CRC risk have been identified, and risk gradients associated with 14 and 27 additional independent SNPs have been published. [4, 5] In 2015, we published a theoretical evaluation of the 45 independent SNPs identified from a systematic literature review that had been internally or externally validated to be associated with CRC risk for persons of European ancestry. [6] We predicted that the 20% of the population with the highest number of risk alleles would be at 1.8-times the risk of persons with average number of risk alleles. Consequently, this group would be predicted to attain average population age-specific risk approximately 9 years earlier than would someone with the average number of risk alleles. We also predicted that the 45 CRC-risk associated SNPs identified in the literature could explain about 22% of the familial component of CRC risk. [6] To evaluate this theoretical SNP-based risk, and to determine its clinical utility, we have conducted a validation study using a population-based sample of CRC cases and controls, and assessed its ability to improve risk classification and change recommended CRC screening of people compared with classification based on family history alone.
MATERIALS AND METHODS

Study sample
We used CRC cases and controls from the Colon Cancer Family Registry, which has been described in detail previously. [7] Cases were persons with invasive cancer of the colon or rectum identified from population-based cancer registries in the Puget Sound region of the state of Washington in the USA, Ontario in Canada, and Victoria in Australia. Controls were persons who had not had a diagnosis of CRC randomly selected from the general population by using Medicare and Driver's License files (Washington, USA), telephone subscriber lists (Ontario, Canada), or electoral rolls (Victoria, Australia).
For the estimation of a SNP-based risk, we used 1,181 cases and 999 controls who underwent genome-wide testing from a GWAS using the Illumina Human1M v1 or Illumina Human1M-Duo v3.0 platform. Given that the original purpose of the GWAS was to identify new CRC susceptibility genes, cases were preferentially selected to be aged younger than 50 years at diagnosis with a 10% sampling from all other ages at diagnoses, and controls were preferentially selected to not have a family history of CRC. Cases were tested for germline mutations in the DNA mismatch repair genes and MUTYH, and all mutation carriers were excluded . Informed consent was obtained from all study participants, and the study protocol was approved by the institutional research ethics review board at each study site.
Estimation of SNP-based risk
For each case and control, we estimated an individual SNP-based risk based on the 45
SNPs that we previously selected [6, 8] as being associated with CRC risk from a search of the literature. Using the approach of Mealiffe et al., [9] we estimated for each of the 45 SNPs the odds ratio (OR) per risk allele and risk allele frequency (p) assuming independent and additive risks on the log OR scale. For each SNP, we calculated the population average risk
Weighted risk values (so that the population average risk was equal to 1) were calculated as 1/μ, OR/μ and OR 2 /μ for the three genotypes defined by number of risk alleles (0, 1, or 2). The overall SNP-based risk for each individual was then calculated by multiplying the weighted risk values for each of the 45 SNPs (Supplement Table 1 ). The SNP-based risk was log transformed for all analyses. We estimated the association between SNP-based risk and CRC by applying multiple logistic regression to the case and control data. We adjusted for age group, sex and recruitment site.
We assessed the risk gradient, and hence the discrimination in risk between cases and controls, by estimating the change in odds per adjusted standard deviation (OPERA). OPERA interprets risk estimates by adjusting the standard deviation for the other factors taken into account by design and analysis. [10] We also estimated risk discrimination by the inter-quintile risk ratio (average CRC risk for those in the top 20% of the population for the SNP score divided by average risk for those in the bottom 20% of the population for the SNP score). The inter-quintile risk-ratio was derived by exponentiating the OPERA estimate by 2.8. Given the deliberate deficit of controls with a family history, the estimated SNP-based association was adjusted down by 4% based on the theoretical gradient of polygenic risk in the population (see details in Supplement). [11] For prediction in terms of age-and sexspecific population incidences, we used data from the Surveillance, Epidemiology, and End Results Program Cancer Statistics. [12] We assessed the extent to which the SNPs were dependent on familial risk by estimating the Pearson's correlation (r) between the family history-based and SNP-based risks using the cases in the GWAS dataset. For the estimation of family history-based risk, we calculated the lifetime absolute risk (probability) of CRC predicted by a mixed major gene-polygenic model. [13] The model estimates each person's risk of CRC using detailed family history data. It considers, for each relative, the age at diagnosis of CRC as well as their relationship to the proband, age at last living or age at death, and their high-risk gene mutation status, if known.
We also assessed the ability to reclassify the recommended age at commencement of screening by including the SNP-based risk. The 5-year risk of CRC for the average person (without a previous diagnosis of CRC) in the USA is approximately 0.3% at age 50 years, [14] which is the age that guidelines recommend screening to commence in many countries including the USA. [15] We estimated the ages at which the average woman and man in the highest and lowest quintile of SNP-based risk met this 0.3% risk threshold.
Stata version 14.2 [16] was used for all statistical analyses unless otherwise specified.
All statistical tests were two-sided, and P-values less than 0.05 were considered nominally statistically significant. Detailed statistical methods for the calculation of risk distributions are provided in the Supplement.
RESULTS
Cases and controls were balanced for sex, cases were distributed almost evenly across participating regions, controls were predominantly from Canada, and cases had on average 1.8 more risk alleles than the controls ( Table 1 ). The OR per adjusted standard deviation for SNP-based risk was 1.38 (95% CI 1.26 -1.50, p <0.001). The corresponding inter-quintile risk ratio was 2.46 (1.91 -3.11). The correlation between the SNP-based risk and the family history-based risk was r = 0.02. Figure 1 shows the distribution of lifetime risk of CRC to age 80 years for the US population by SNP-based risk and family history categories. Persons with no first-degree relative with CRC constitute 90% of the population and have an average lifetime CRC risk to age 80 years of 4.0%, which is 10% lower than the population average risk of 4.4%. Of persons with no first-degree relative with CRC, those in the highest quintile for SNP-based risk have an average risk of 6.0%, (~50% higher than those with the average SNP-based risk). Of persons with no first-degree relative with CRC and in the highest quintile for SNPbased risk, approximately 1 in 3 (32%) have a 'low' CRC risk (lifetime risk less than 2%) and approximately 1 in 50 (2%) have a 'very high' CRC risk (lifetime risk of 30% or greater). Those with no first-degree family history and in the lowest quintile for SNP-based risk have an average risk of 3%. Of these, most (61%) have a 'low' CRC risk and only 1 in 500 (0.2%) have a 'very high' risk (Table 2 and Figure 2 ). Figure 2 ).
The addition of a SNP-based risk to the family history-based risk identified persons younger than age 50 who had a CRC risk at least as high as an average 50-year-old which is approximately 0.3% (Figure 2 ). For women with no first-degree relatives with CRC and in the highest quintile for SNP-based risk, their CRC risk is at least this high by the age of 48 (i.e. 2 years younger), with a corresponding age for men at 46 years (4 years earlier). For those with first-degree relatives with CRC and in lowest quintile of SNP-based risk, this risk threshold is not reached until 62 years for women and 57 years for men. For those with two-first degree relatives and being in the highest quintile for SNP-based risk, the 0.3% CRC risk is achieved at age 35 years for women and men (i.e. 15 years younger), and in those in the lowest quintile for risk, the threshold is reached at ages 42 years for both women and men.
( Figure 2 and Table 3 ). FOBT is inexpensive and safe, but may be less sensitive for pre-cancerous polyps; while colonoscopy is expensive, invasive and carries its own risks (bleeding, perforation and infrequently even death). We have shown that risk information from 45
independent SNPs adds to the risk information from using family history alone. Importantly, on an individual level, SNP-based risk estimation can lead to a risk category that is higher or lower than when estimated solely through family history.
Based on a population of the same size and sex-and age-distribution, and the same sex-and age-specific CRC incidence as the United States, we have estimated the number people who would screen earlier and later if their SNP-based risk was used to determine screening starting age (as provided in Table 4 ). If screening starting age was based on SNPbased risk, we estimate that 3.32 million people aged 46 to 50 years would be in the highest quintile of SNP-based risk and therefore could begin screening at age 46 (4 years younger than the general population). We estimate that each year approximately 8,000 of these people would be diagnosed with CRC i.e., cancers that would not have been screened for if SNPbased risk was not used to guide screening start age. This equates to screening 415 people for every CRC. We also estimate that 8.76 million people aged between 50 and 59 years would be in the lowest quintile of SNP-based risk and therefore, if SNP scores were used to decide which people would delay screening, would be 9 years older than the general population when they begin screening. We estimate in the 9 years from age 50 to 59, approximately 18,000 of these people would be diagnosed with CRC i.e., cancers that would not been screened for if SNP-based risk was used to guide screening start age. If these were screened, it would equate to screening 486 people for every CRC. Therefore, basing screening starting age on SNP-based risk would result in an overall increase in efficiency for CRC detection and identify a new group of at-risk people under 50 for whom screening could be justified.
However delaying screening for the lowest quintile for SNP-based risk would miss a screening opportunity when many CRCs would be occurring.
For the vast majority of the population who have no first-degree family history of CRC, many guidelines recommend that screening should commence at age 50 years (commonly by biennial FOBT or 10-yearly colonoscopy). Our analyses suggest that the SNPbased risk, especially when combined with family history, can identify subsets that would be recommended to have a higher level of screening, perhaps starting at a younger age. Of the 90% of the population with no parent, sibling or child with CRC, use of SNPs could identify the 20% of these with the highest SNP-based risk who have an average CRC risk of 6%, which is 50% higher than the average risk and screening commencement would be recommended to commence 2 to 4 years early. Further, of these 20% with the highest SNPbased risk, 12% have a high or very high risk of CRC compared with only 6% of those with an average SNP-based risk, i.e. SNP-based risk assessment can result in a 2-fold enrichment of CRC risk even in those with no first-degree relatives with CRC.
For persons with a family history of CRC, many guidelines recommend an increased level of screening (e.g. five-yearly colonoscopy). These people are often referred to familial cancer clinics for genetic screening for mutations in major CRC susceptibility genes including the DNA mismatch repair genes. If identified, high-risk gene carriers can be offered a higher level of screening (e.g., annual colonoscopy). Unfortunately, due in part to the rarity of mutation carriers in these genes (even for persons with a family history), in current practice a mutation cannot be identified in the majority of patients screened because they have a family history. Our analyses show that, within family history categories, SNPbased risk assessment can identify persons who belong in lower or higher risk categories.
For persons with a strong family history, such as two first-degree relatives with CRC, the ability of the SNP-based risk assessment to reclassify risk is even more apparent. Those in top 20% for SNP-based risk have an average CRC risk of 20%, and would be recommended to commence screening 15 years earlier. More than half of them will be at high or very high CRC risk. With the same strong family history, those 20% with the lowest SNP-based risk had an average CRC risk of 10%, and they would be recommended to commence screening 8 years earlier. Just over one quarter of them will be at high or very high CRC risk.
We found that the CRC risk based on 45 SNPs was not appreciably correlated with the family history-based risk, which means the increased risks due to family history and SNPs are virtually independent and their associations are likely multiplicative (as has been found for breast cancer [17] ). Therefore, both are important risk factors to consider in order to estimate CRC risk. This also means that the 45 SNPs explain little of the reason why CRC aggregates in families, or why CRC in a relative is associated with an increased risk of CRC.
A potential limitation of our study is that we used a case-control dataset in which the controls were selected for not having a family history. We therefore had to reduce the observed SNP associations by 4% to account for the controls being over-sampled for not having a family history.
There could be many more yet to be discovered independent SNPs associated with the risk of CRC, and there could be interactions between SNPs within and across different genes. [18, 19] A SNP-based risk prediction model is likely to perform better when these SNPs are discovered, for example by using larger sample sizes or by fine mapping genomic regions of interest such as those identified by novel approaches such as DEPTH, [20] and included in risk prediction models. Analytic approaches that extract more information from genotyping data by, for example, using machine learning to consider all SNPs that lead to an improvement in risk prediction, [21] especially by focusing on pathways or SNP-SNP interactions, might also produce better SNP-based risk prediction.
To explain the on average 2-fold increased CRC risk associated with having one firstdegree relative with CRC, mathematical models predict that the familial component of CRC risk must have a very large variance, so large that the risk for persons in the upper quartile would be at least 20-times than the risk for persons in the lower quartile. [11] This study has shown that, by using risk information based on both SNPs and detailed family history, a nontrivial proportion of this variance can being explained, and we have quantified the ability to differentiate between persons at low risk (much less than population average risk) and those at increased risk, across a very wide range. Given that CRC can be effectively prevented by screening, and mortality from the disease reduced by early detection, risk assessment based on SNPs together with other risk factors including family history enables the possibility of precision prevention and screening to substantially lower the impact of CRC. [2] Our modelling exercise only considers family history and SNP-based risk as we have focussed this paper on inherited risks. However, other factors do contribute to CRC risk (e.g.
lifestyle factors) and a full risk-based assessment for screening could include these factors in addition to family history and SNPs which would result in a greater risk discrimination. [22] If new guidelines on screening were to adopt SNP-based risk assessment, our study suggests that the screening guidelines for CRC would be substantially altered: (a) For those with 2 first-degree relatives with CRC, screening would commence at age 35 years for both women and men in the highest quintile for SNP-based risk; and at age 42 years for both women and men in the lowest quintile; (b) For those with one first-degree relatives with CRC, screening would commence at age 40 years for both women and men in the highest quintile of SNP-based risk, and at age 47 years for both women and men in the lowest quintile; and (c) For those with no first-degree relatives with CRC, screening would commence at age 48 years for women and at age 46 years for men in the highest quintile, and at age 62 years for women and at age 57 years for men in the lowest quintile.
While this is an important first step, we agree that many issues would need to be resolved before SNP-based risk was incorporated into standard of care for CRC screening, that are beyond the scope of this study. These include assessment of cost-effectiveness, resources requirements, community, patient and clinician acceptance and feasibility of incorporation within existing screening programs, with potentially ethical, legal and insurance implications. Cost-effectiveness implications of this research are indeed important for screening programs, especially as a new personalised risk-based approach to screening is designed to optimise risk vs benefit compared with conventional approaches to (moderate/high) risk and colonoscopy. Any improvement as promised with the current approach is an important contribution to public health and risk management.
In conclusion, we have shown that risk information from considering the 45 SNPs and a detailed family history together can result in substantial reclassification of risk category for various levels of family history, including those without a family history. It is therefore important to include both family history and SNP assessment when estimating CRC risk.
This new risk measure could inform targeted screening and prevention, for the general population young than age 50, and in the clinical setting for those in whom a high-risk gene mutation cannot be identified. 
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